Background/Aims: The roles of the many bioactive peptides in the pathogenesis of celiac disease remain unclear. To evaluate the serum concentrations of insulin, ghrelin, adiponectin, leptin, leptin receptor, and lipocalin-2 in children with celiac disease who do and do not adhere to a gluten-free diet (GFD, intermittent adherence). Methods: Prepubertal, pubertal, and adolescent celiac children were included in this study (74 girls and 53 boys on a GFD and 80 girls and 40 boys off of a GFD). Results: Insulin levels in prepubertal (9.01±4.43 µIU/mL), pubertal (10.3±3.62 µIU/mL), and adolescent (10.8±4.73 µIU/mL) girls were higher than those in boys (5. 88±2.02, 8.81±2.88, and 8.81±2.26 µIU/mL, respectively) and were neither age-dependent nor influenced by a GFD. Prepubertal children off of a GFD exhibited higher ghrelin levels than prepubertal children on a GFD. Adiponectin levels were not age-, sex-nor GFD-dependent. Adherence to a GFD had no effect on the expression of leptin, leptin receptor, and lipocalin-2. Conclusions: Adherence to a GFD had no influence on the adiponectin, leptin, leptin receptor, and lipocalin-2 concentrations in celiac children, but a GFD decreased highly elevated ghrelin levels in prepubertal children. Further studies are required to determine whether increased insulin concentrations in girls with celiac disease is suggestive of an increased risk for hyperinsulinemia. (Gut Liver 2016;10:587-594) Key Words: Insulin; Ghrelin; Lipocalin-2; Diet, gluten-free; Celiac disease
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INTRODUCTION
In genetically susceptible humans ingestion of gluten may precipitate celiac disease (CD). This autoimmune and inflammatory disease affects about 1% people (65% women, 35% men) at any age. Its main manifestations include diarrhea, abdominal distension and in children, failure to thrive, chronic or recurrent intestinal inflammation, malnutrition, and also vomiting, anemia, disturbances in energy metabolism. CD is diagnosed based on the clinical evaluation, and serologic determinations (autoantibodies of the IgA and/or IgG class against tissue transglutaminase [tTG] , endomysium, and deamidated gliadin peptides [DGP] ). Finally, diagnosis of CD may be proven by the histological evaluation. 1, 2 In children, clinical presentations of CD depend on the age and subtype of the disease (classic, atypical, or silent CD). Infants and younger children manifest classical triad of the CD symptoms whereas in older children extraintestinal signs are often seen (short stature, neuropsychiatric disturbances, osteopenia, and anemia). 3, 4 Although the body mass index (BMI) of majority of CD children remains still lower as compared to the This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/4.0) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited. healthy children, there is an increasing number of overweight patients. [5] [6] [7] Gluten proteins (gliadins and glutenins) are resistant to complete hydrolysis by gastrointestinal proteases. Products of their partial hydrolysis also remain resistant for further degradation. 1, 8 They accumulate in the intestinal lumen (and in circulation) and may cross the epithelial barrier, react with the antigenpresenting cells and initiate innate inflammatory process. tTG deamidates gliadins what enhances their immunogenicity and capability of binding to HLA-DQ2 expressed on the presenting cells that cause generation of specific CD4 lymphocytes. The cells secrete proinflammatory cytokines, activate autoreactive B lymphocytes and produce antibodies to the complex tTGdeamidated gluten. [1] [2] [3] Further, tTG enhances inflammation via downregulation of peroxisome proliferator-activated receptor-g (PPAR-g). Mesenteric white adipose tissue that surrounds diseased intestine may be an additional source of pro-and antiinflammatory substances. 9 In about 75% of CD patients gluten-free diet (GFD) causes significant or complete renewal of the damaged intestinal mucosa. 1, 2 In children with CD-related growth retardation, GFD causes significant catch-up growth. 10 Rapid recurrence of the symptoms takes place when strict adherence to a GFD is discontinued. In numerous CD patients on a GFD massive intraepithelial lymphocytosis persists for the long time. Also, some patients may exhibit increased resting metabolism rate. 2, 11 However, 10% to 19% of patients do not response to a GFD and represent nonresponsive type of CD (nrCD). Low compliance with a GFD or low quality, gluten-contaminated food seems to be a major cause of nrCD. About 4% of the CD patients on a strict GFD with no other intestinal diseases exhibit nrCD symptoms that are due to the refractory type of CD. Elevated levels of the anti-DGP IgG-class antibodies in CD patients on a strict GFD are helpful in the identification of the nrCD patients. 1, 3, 12 In contrast to other inflammatory gut diseases, the role of adipokines and metabolism regulating factors is not completely recognized in pathophysiology, course and treatment of CD. CD patients may be at risk of metabolic syndrome where adipokines and other bioactive peptides play an important role. Moreover, GFD is not neutral and seems to cause disturbances in the homeostasis of micronutrients and various bioactive substances. Therefore, one of the aims of present, multicenter, cross-sectional study was to evaluate the serum concentrations of insulin, ghrelin, adiponectin, leptin and its soluble receptor, and lipocalin-2 in prepubertal, pubertal, and adolescent CD with and without adherence to a GFD.
MATERIALS AND METHODS
Protocol of this cross-sectional, multicenter study was approved by the local bioethics committee. Written consents were obtained from the patients.
Patients
Group of 248 children suffering CD from 1 to 6 years (mean, 3 years), girls (n=154) and boys (n=94), aged from 1 to 18 years (mean, 7 years) was included in the study. Diagnosis was based on the clinical evaluation, celiac serology, and histological examination according to the guidelines of North America Society for Pediatric Gastroenterology, Hepatology and Nutrition and/ or European Society for Pediatric Gastroenterology, Hepatology and Nutrition (ESPGHAN). 3, 4 Exclusion criteria were CD children with other inflammatory and autoimmune diseases including type 1 diabetes mellitus, growth hormone deficiency, endocrinological and genetic disorders.
At the time of diagnosis, about 69% of the CD children presented classical form of the disease, whereas 30% had atypical and 1% silent form of the CD, and 62% had normal z-score BMI, 31% was underweight and 7% was overweight. About 98% of the children exhibited presence of antiendomysium and anti-tTG antibodies, and in 7% IgA deficiency was found. Villous atrophy at grade III on the Oberrhuber-Marsh classification was present in 98% children. 13 The CD children and/or their parents were educated how to prepare and follow a balanced GFD in which almost 60% of energy should originate from carbohydrates, 10% to 15% from protein and 25% to 30% from fat intake according to the ESP-GHAN recommendations. The GFD was not fortified nor supplemented.
The study group was subdivided into two main subgroups: (1) children following a GFD (on a GFD), n=127 (74 girls and 53 boys), and (2) children not following a GFD (off a GFD), n=120 (80 girls and 40 boys) in which tTG was >8 IU/mL or, in the IgA deficient children, DGP was >25 IU/mL. Children were on a GFD for at least 1 year. The patients were further divided due to their gender and pubertal stage as shown on the Table 1.
Assays
Blood was sampled after overnight fasting and the sera were obtained applying Good Laboratory Practice procedures. The assays were performed in one laboratory using commercial kits.
Human Insulin IRMA kit (sensitivity, 1 µIU/mL; intra-and interassay coefficient of variation [CV], 2.1% and 6.5%) was from DIAsource ImmunoAssays, Louvain-la-Neuve, Belgium. Total Ghrelin ELISA kit (sensitivity, 100 pg/mL; inter-and intra-assay CV, 1.9% and 7.8%) and Leptin (Sandwich) ELISA (sensitivity, 1.0 ng/mL; intra-and interassay CV, 6.9% and 11.5%) were from DRG International Inc., Springfield, NJ, USA.
Human Adiponectin RIA kit (sensitivity, 1 ng/mL; intraand interassay CV was 6.2% and 9.3%) was from Millipore, St. Louis, MO, USA. Human Leptin Soluble Receptor ELISA kit (sensitivity, 0.04 ng/mL; intra-and interassay CV, 7.2% and 9.8%) and lipocalin-2 (neutrophil gelatinase-associated lipocalin; sen-sitivity, 0.02 ng/mL; intra-and interassay CV, 8.4% and 9.8%) were from Biovendor-Laboratorni Medicina a.s., Brno, Czech Republic.
Due to limited volume of the sera, serum lipocalin-2 was measured in the group of older children: in those on a GFD, girls and boys aged 14.3±2.1 years (n=22) and in those off a GFD, girls and boys aged 14.8±1.4 years (n=15).
Statistical analysis
The Statistica version 7.0 software (StatSoft Inc., Tulsa, OK, USA) was used for data analysis. Results in the Figs 1-5 are expressed as median, quartile 1st and 3rd, and range. In the text and in the Table 2 , the data are expressed also as mean±SD.
The mean±SD values are presented in the following order: analyte, unit, group: prepubertal, pubertal, and adolescent girls on a GFD versus off a GFD and boys on a GFD versus off a GFD. The analyzed groups were not numerous and had non-normal distribution, according to Shapiro-Wilk test for normality, therefore the associations between groups were assessed using Mann-Whitney U test with p-value less than 0.05 was considered significant.
RESULTS

Insulin (µIU/mL)
Insulin levels were as follows; prepubertal girls: 9.01±4. 43 (Fig. 1) . Insulin levels in prepubertal, pubertal, and adolescent girls and boys on a GFD were not significantly different from those in corresponding groups of girls and boys being off a GFD (p>0.05). The mean levels were gender-(p<0.05) but not age-dependent (p>0.05), significantly higher in girls than in boys (p<0.05), and remained within the insulin normal range: 3 to 15 µIU/mL. Data are presented as mean±SD (n) or mean±SD. GFD, gluten-free diet; BMI, body mass index. P u b e r t a l A d o l e s c e n t P r e p u b e r t a l Boys P u b e r t a l A d o l e s c e n t P r e p u b e r t a l On GFD Off GFD
Total ghrelin (pg/mL)
Total ghrelin levels were as follows; prepubertal girls: 579±151 vs 772±344 (p<0.05) and boys: 378±172 vs 865±415 (p<0.05), pubertal girls: 385±249 vs 412±205 (p>0.05) and boys: 495±299 vs 478±293 (p>0.05), adolescent girls: 395±220 vs 401±139 (p>0.05) and boys: 412±160 vs 423±152 pg/mL (p>0.05) (Fig. 2) . Total ghrelin levels were significantly higher in prepubertal girls and boys being off a GFD (p<0.05). Decrease of the ghrelin levels in prepubertal boys on a GFD was significantly dipper than in the corresponding group of girls (p<0.05). In the older children on and off a GFD the ghrelin levels were not significantly different (p>0.05).
Adiponectin (µg/mL)
Adiponectin levels were as follows; prepubertal girls: 16 (Fig. 3) . Adiponectin levels were the same in children on and off a GFD and were not sex-and age-dependent (p>0.05). A d o l e s c e n t P r e p u b e r t a l Boys P u b e r t a l A d o l e s c e n t P r e p u b e r t a l On GFD Off GFD Fig. 3 . A gluten-free diet (GFD) did not affect the serum adiponectin concentrations in prepubertal, pubertal, and adolescent girls and boys with celiac disease (p>0.05), and the concentrations were not ageand sex-dependent (p>0.05). The data are expressed as the median, Q1-Q3 (quartiles 1-3) , and range. A d o l e s c e n t P r e p u b e r t a l Boys P u b e r t a l A d o l e s c e n t P r e p u b e r t a l On GFD Off GFD Fig. 4 . A gluten-free diet (GFD) did not influence the serum leptin level in prepubertal, pubertal and, adolescent girls and boys with celiac disease (p>0.05). The leptin concentrations were age-and sexdependent (p<0.05). The data are expressed as the median, Q1-Q3 (quartiles 1-3), and range. A d o l e s c e n t P r e p u b e r t a l Boys P u b e r t a l A d o l e s c e n t P r e p u b e r t a l On GFD Off GFD Fig. 5 . A gluten-free diet (GFD) did not affect the serum levels of the soluble leptin receptor in prepubertal, pubertal and adolescent girls and boys with celiac disease (p>0.05). The leptin receptor levels were age-dependent but not sex-dependent (p<0.05). The data are expressed as the median, Q1-Q3 (quartiles 1-3) , and range. A d o l e s c e n t P r e p u b e r t a l Boys P u b e r t a l A d o l e s c e n t P r e p u b e r t a l On GFD Off GFD
Leptin (ng/mL)
Leptin levels were as follows; prepubertal girls: 1 (Fig. 4) . Leptin levels were not affected by a GFD both in girls and boys (p>0.05), but were sex-and age-dependent (p<0.05). (Fig. 5) . Leptin soluble receptor levels were not affected by a GFD in prepubertal, pubertal and adolescence girls and boys (p>0.05), and were age-(p<0.05) but not sex-dependent (p>0.05).
Leptin receptor (ng/mL)
Lipocalin-2 (ng/mL)
Lipocalin-2 levels in children following on or off of a GFD were 41.9±13.5 and 51.4±17.5 ( Table 2 ). The levels were not significantly different between children on and off a GFD and the lipocalin-2 normal range that we have worked out: median, 57.6; range, 28.7 to 107; mean, 61.5±21.5 ng/mL (p>0.05).
DISCUSSION
We have investigated the serum levels of insulin, total ghrelin adiponectin, leptin and its soluble receptor and lipocalin-2 in prepubertal, pubertal and adolescent CD girls and boys with and without adherence to a GFD.
We have shown that prepubertal, pubertal and adolescent CD girls exhibit significantly higher insulin concentrations than prepubertal, pubertal and adolescent boys. There was no significant effect of a GFD on the insulin levels in CD girls and boys. Our data suggest that CD girls seem to exhibit tendency to hyperinsulinemia in contrast to CD boys where the insulin concentrations are tightly regulated (Fig. 1) . Recently, important paper has been published showing that CD adults are protected from the type 2 diabetes and metabolic syndrome. 14 This specific protective effect of the disease was not associated with the differences in BMI in the patients. Mechanism of this intriguing finding may include altered pancreatic and mucosal endocrine functions. 14 In contrast, in the most recent paper, the authors report that CD adults are at high risk of metabolic syndrome and hepatic steatosis in result of 1-year treatment with a GFD. 15 The authors suggest that specific disturbances in glucose homeostasis may lead to hyperinsulinemia. Also, upregulation of PPAR-g due to a GFD has been shown to be implicated in susceptibility of type 2 diabetes. 15 Interestingly, there is a need to consider recent data on glucose/insulin homeostasis in patients with inflammatory bowel disease (IBD). 16 The authors report significant hyperinsulinemia with no changes in glucose concentrations in their patients. Moreover, hyperinsulinemia appears as an independent protective factor for the maintenance of IBD remission. 16 Similar data were also reported in the earlier study for the patients with Crohn's disease. 17 Insulin is a potent protein-anabolic and anti-inflammatory peptide. These actions are beneficial in the intestine inflammatory conditions. Our and cited data suggest an involvement of the insulin and glucose homeostasis in pathogenesis of CD. This topic requires systematic studies. Our prepubertal girls and boys being off a GFD exhibited significant elevation of their serum total ghrelin levels as compared to the levels in prepubertal children on a GFD as well as to those in pubertal and adolescent girls and boys on and off a GFD (Fig.  2 ). Decrease of the ghrelin level in result of a GFD adherence in prepubertal boys was significantly deeper than in prepubertal girls. There was no significant difference in ghrelin between pubertal and adolescent girls and boys and no influence of a GFD on it. Results from other studies are confusing. [18] [19] [20] [21] [22] [23] Some authors have shown significant increase of the ghrelin levels in untreated CD patients that returned to normal during a GFD. 18 Other authors reported the same ghrelin concentrations in untreated CD adults and in controls that significantly decreased during a GFD. 19 Other yet authors have shown ghrelin levels in untreated CD adults 5-fold higher than those in controls. 22 It has been also reported that serum ghrelin in untreated CD boys and girls was significantly lower after a GFD. 23 Reasons for these discrepancies remain unclear. In contrast, results on the circulating ghrelin in IBD patients are consistent. Both, total and acylated ghrelin levels were shown to be significantly elevated and decreased in result of treatment. [24] [25] [26] Orexigenic ghrelin stimulates growth hormone (GH) release, appetite, adipogenesis, gut motility and inhibits expression of proinflammatory cytokines. Administration of ghrelin to humans with various diseases resulted in retention of lean body mass and decrease of circulating proinflammatory cytokines; all the actions are beneficial for CD patients. 27, 28 Nutritional status, but not mucosal inflammation, seems to be a main factor regulating ghrelin secretion specially in younger children. In our study serum adiponectin levels were not age-and gender-related and remained unaffected by a GFD adherence (Fig. 3) . It has been recently shown that adiponectin levels in CD adults were significantly increased, and like in our study, remained unchanged after a GFD. The authors suggest that, in contrast to IBD, adiponectin may act as proinflammatory adipokine in specific CD conditions. 29 Adiponectin is an anti-inflammatory substance. It antagonize actions of tumor necrosis factor α, secretion of interleukin-6, and induces production of inter-leukin-10, interleukin-1R and interferon g. It forms complex homopolymers which biological action(s) and their impact on various assays is unknown. 27, 30, 31 In IBD patients serum levels of adiponectin were found to be the same like in healthy subjects, elevated or decreased. They did or did not correlate with the IBD activity indices and were or were not changed after antiinflammatory therapy. [32] [33] [34] [35] [36] Due to contradictory results, studies on adiponectin in intestinal inflammatory conditions have to be continued. Our data suggest that there is no influence of a GFD on the leptin and leptin soluble receptor levels in prepubertal, pubertal and adolescent CD children. Due to onset of puberty, our CD girls exhibited increase of their leptin and parallel decrease of the leptin soluble receptor. Our results agreed with the data obtained for healthy children. 37, 38 In pubertal boys the fold of leptin increase was significantly lower than in the girls and, in contrast to girls, it significantly decreased in adolescence. Leptin soluble receptor levels were slightly higher in boys than in girls, (Figs 4 and 5). It has been recently shown that serum leptin concentrations were the same in adult CD patients being on or off a GFD and in healthy adults. 29 Other authors have demonstrated that prepubertal CD girls and boys exhibited significant lowering of the serum leptin which significantly increased after 1-year of a GFD and positively correlated with BMI. 39 Similar results were reported for the CD children and adults although in these patients there was no increase of the leptin level after a GFD despite significant increase in fat mass. 40 In IBD patients, serum leptin levels were found to be decreased (with or without statistical significance) and did not correlate with the indices of disease activity. However, some authors have found increased levels of the serum leptin that positively correlated with IBD. 25, 35, 41 Reasons for these discrepancies are unclear. Leptin has strong proinflammatory activity. However, it also may exhibit potent anti-inflammatory properties via stimulation of interleukin-1Ra synthesis. Leptin deficiency may cause impaired T-cell proliferation and increased mortality in children due to infections. 25, 27, 31 Leptin system consists from the free leptin (about 10%), receptor bound fraction and a pool of the tissue and soluble leptin receptor. Free leptin strictly reflects body fat mass and correlates with the degree of insulin resistance. Proinflammatory actions seems to be associated with the receptor bound fraction of leptin. It seems that parallel measurement of the leptin receptor, bound and free leptin fraction may be important for the future CD studies. Evaluation of the leptin system may be complicated since gluten is present in the circulation (in CD and healthy subjects) at high concentrations (40 to 50 ng/mL) and may disturb binding of leptin to its receptors. However, in CD patients the anti-gluten antibodies may ameliorate these interactions. 37, 38, 42, 43 This intriguing problem requires further studies.
Lipocalin-2 (neutrophil gelatinase-associated lipocalin), an acute phase glycoprotein, is present in tissues, blood plasma and, as an excrete, in urine and feces. It is secreted by neutrophils, macrophages, intestinal epithelial cells and other cells. Lipocalin-2 secretion is increased in acute and chronic diseases in response to cellular injury and inflammation. It plays a crucial role in turnover of the ferric ions and in hypoferremia related bacteriostasis. 44 It appears to be a valuable marker to monitor intestinal inflammation in IBD adults and children. In some IBD patients its highly increased serum concentrations correlate with the indices of the disease activity. 45, 46 In contrast, there is little data on a role of lipocalin-2 in pathogenesis of CD children and adults. Our results suggest that there is no involvement of the circulating lipocalin-2 in CD in children, and there is no effect of a GFD on the protein level. Moreover, lipocalin-2 levels were not significantly different from those in apparently healthy children. 45 Therefore, in contrast to IBD patients, inflammatory pathways in CD seem not to be lipocalin-2 dependent. It remains to determine whether lipocalin-2 concentrations are increased in the feces of CD patients. In summary, despite of limitations of our study like as lack of sex-and age-matched control groups, its cross-sectional character, small subgroups of the CD children, several findings have been obtained. Our CD girls, but not boys, exhibited elevated concentrations of their fasting insulin. The elevation was not age-and a GFD-dependent. Further studies are required to confirm whether CD girls exhibit increased risk for hyperinsulinemia. In prepubertal CD girls and boys being off a GFD serum concentrations of ghrelin were significantly elevated as compared to those in prepubertal CD girls and boys on a GFD. Ghrelin levels in pubertal and adolescent CD girls and boys were not significantly different and not influenced by a GFD.
Serum adiponectin concentrations were not age-and sexdependent in our CD children and were not affected by a GFD. Serum leptin levels were both sex-and age dependent and not affected by a GFD whereas leptin soluble receptor exhibited significant age-but not sex-dependence and it was not affected by a GFD. It seems unlikely that adiponectin, leptin and its receptor may play a direct role in pathogenesis of CD although local changes of their concentrations in the inflamed intestine are not excluded. There was no CD children with the increased level of lipocalin-2 and no influence of a GFD adherence on it.
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